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 Possible improvements of chemical reactor performance through periodic 
modulation of one or more inputs have been investigated for several decades. In our 
previous investigations we have introduced the nonlinear frequency response (NFR) 
method, as a fast and easy, analytical method for evaluating the performance of 
forced periodically operated chemical reactors, which is based on nonlinear 
frequency response analysis and the concept of higher order frequency response 
function (FRFs).[1] The method gives an answer whether, and in which cases, it is 
possible to obtain process improvement through periodic operation and gives an 
approximate quantitative estimate of the improvement. For the case of multiple input 
modulations, it also gives the value of the optimal phase shift between the modulated 
inputs which maximizes the improvement, which, in principle, depends on the forcing 
frequency [2]. 
 In this work, the NFR method is used for evaluation of forced periodically 
operated isothermal and non-isothermal CSTRs with simple reaction mechanism 
A→P, for simultaneous modulation of the inlet concentration of the reactant and flow-
rate. The second order asymmetrical FRFs, corresponding to the single input 
modulations of the inlet concentration and flow-rate, and the cross second order 
asymmetrical FRFs, corresponding to simultaneous modulation of both inputs, are 
derived and analyzed.  
 In principle, the reactor performance can be evaluated through reactant 
conversion and/or product yield. For steady-state operations and simple reactions, 
these two performance criteria are equal. It can easily be shown that the same is 
valid for periodic operations with modulations of single inputs. Nevertheless, for the 
case of simultaneous modulation of the inlet concentration of the reactant and flow 
rate, an unexpected result is obtained that the changes of the reactant conversion 
and product yield differ. This difference is most significant at high frequencies and 
becomes negligible at low frequencies. As a consequence, the optimal phase 
difference that maximizes the reactant conversion is different from the one that 
maximizes the product yield.  
 The expression for this difference is derived from the cross asymmetrical 
second order FRFs and it depends only on the forcing parameters (input amplitudes, 
forcing frequency and the phase difference between the modulated inputs). It is 
important to notice that this expression is the same, both for the isothermal and non-
isothermal CSTR. 
 These results are illustrated on two numerical examples of periodic operations 
of an isothermal and a non-isothermal CSTR around their optimal steady-states. The 
results were also proven by numerical integration of the model equations. 
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1. NFR method – fast and easy, analytical method for evaluation of periodic 
processes 
 
2. For simultaneous modulation of two inputs the NFR method gives the optimal 
phase difference 
 
3. For CSTR with simultaneous modulation of the inlet reactant concentration and 
flow rate, the reactant conversion factor and the product yield are different 
 
4. The results of The NFR method are proven by numerical integration of the model 
equations 
